INTRODUCTION
One challenge in developing biomechanical Finite Element (FE) models is the assignment of accurate bone material properties. Many recent studies have developed subject-specific FE models, where material properties of bone are assigned by converting density (ρ) information derived from Computed Tomography (CT) scans to elastic modulus (E). The ρ-E relationship can have a great effect on FE results (Schileo et al., 2007) ; however, few studies have directly compared the use of the various reported equations, and none in a model of the distal ulna. Therefore, the purpose of this study was to apply six different ρ-E equations from the literature to subject-specific FE models of distal ulna, and compare the strain results to those previously found experimentally using strain gauges.
METHODS AND PROCEDURES
The experimental methodology has been published in detail (Austman et al., 2007) and is described briefly here. The proximal ends of eight fresh-frozen cadaveric ulnae were cemented in a custom-designed jig. A 20N force was applied to the distal articular surface via a materials testing machine (Instron 8872, Canton, MA, USA). Each ulna was instrumented with 12 uniaxial strain gauges, applied in pairs to the medial and lateral surfaces, at six locations along its length. The gauge pairs were wired into six Wheatstone half-bridges to measure bending strains during loading.
A MicroCT scanner with isotropic 152μm voxel spacing (eXplore Ultra, GE Healthcare, London, Canada) was used to scan each of the eight bones both prior to and following experimental testing. The post-testing scans were necessary to record the exact locations of the strain gauges. A triangular surface mesh was created for each native bone using the FEA module of Mimics (Materialise, Leuven, Belgium), then imported into Abaqus (Simula, Providence, USA) and converted into 2 nd order tetrahedral meshes. Material properties were mapped to each element via custom-written software that converted ρ into E using a user-defined equation and averaged the E values of the voxels within the element. Six ρ-E relationships from the literature (Carter and Hayes, 1977; Keller, 1994; Lotz et al., 1990; Lotz et al., 1991; Morgan et al., 2003; Snyder and Schneider, 1991; Wirtz et al., 2000) were trialed in each bone, resulting in 48 models. Boundary conditions and loads mimicked the experimental set-up.
The strain values from the model's surface elements representing the strain-gauged areas were averaged. The absolute values of the strain output for the medial and lateral locations were averaged for comparison to experimental results since the Wheatstone bridges output only one strain value per gauge pair. The percent error between the model and experimental results from the six gauge locations were calculated, and averaged to provide an overall value for each ρ-E relationship in every specimen. The root mean square error (RMSE) for all gauge locations and specimens combined was also calculated for each ρ-E relationship.
RESULTS
The percent error found using each ρ-E relationship for every specimen, and the RMSE for all specimens combined are shown in Table 1 . The lowest error for each specimen is highlighted. Three specimens matched experimental values most closely by using the Carter & Hayes (1977) equation (which tended to over-estimate), and 5 were matched most closely using the Morgan et al. (2003) Table 1 . Percent errors for each bone and ρ-E relationship, and the RMSE (in microstrain, με) for all specimens combined.
DISCUSSION
Proper development of subject-specific FE models requires care during multiple model steps including geometry extraction, meshing, material assignment, and assigning boundary conditions. The selection of an appropriate ρ-E relationship is one area that has received little attention in the literature, and this study was undertaken to address this void. In a recent similar study conducted on the human femur, Schileo et al. (2007) concluded that a femur-specific relationship between ρ and E was required for accurate results. As no such data were available in the literature for the human ulna, the present investigation focused on using equations that were derived from data using multiple bone sites.
This study focused only on bending strains, as the distal ulna has been shown to receive primarily bending loads (Gordon et al., 2006) . Other loading modes may produce different results; however, Schileo et al. (2007) found no effect of loading case between their experimental and FE predicted strains.
The current results showed the Morgan et al. (2003) relationship tended to underestimate the bone strains by an average of 15%, and the Carter & Hayes (1977) equation tended to overestimate by an average of 31%. This suggests that the ideal ρ-E relationship for the ulna might lie somewhere between these two equations, and will be the subject of future investigations.
